Johne's disease, caused by Mycobacterium paratuberculosis infection, is a worldwide problem for the dairy industry and has a possible involvement in Crohn's disease in humans. To identify virulence determinants of this economically important pathogen, a library of 5,060 transposon mutants was constructed using Tn5367 insertion mutagenesis, followed by large-scale sequencing to identify disrupted genes. In this report, 1,150 mutants were analyzed and 970 unique insertion sites were identified. Sequence analysis of the disrupted genes indicated that the insertion of Tn5367 was more prevalent in genomic regions with G؉C content (50.5 to 60.5%) lower than the average G؉C content (69.3%) of the rest of the genome. Phenotypic screening of the library identified disruptions of genes involved in iron, tryptophan, or mycolic acid metabolic pathways that displayed unique growth characteristics. Bioinformatic analysis of disrupted genes identified a list of potential virulence determinants for further testing with animals. Mouse infection studies showed a significant decrease in tissue colonization by mutants with a disruption in the gcpE, pstA, kdpC, papA2, impA, umaA1, or fabG2_2 gene. Attenuation phenotypes were tissue specific (e.g., for the umaA1 mutant) as well as time specific (e.g., for the impA mutant), suggesting that those genes may be involved in different virulence mechanisms. The identified potential virulence determinants represent novel functional classes that could be necessary for mycobacterial survival during infection and could provide suitable targets for vaccine and drug development against Johne's and Crohn's diseases.
Mycobacterium paratuberculosis causes Johne's disease (paratuberculosis), characterized by chronic granulomatous enteritis, in dairy cattle, with an estimated loss of $220 million per year in the United States alone (22) . Worldwide, the prevalence of the disease can range from 3 to 4% of herds in regions with low incidence (such as England) (6) to high levels of 50% of herds in some areas within the United States (such as Wisconsin and Alabama) (8, 16) . In humans, M. paratuberculosis bacilli have been found in examined tissues from Crohn's disease patients, suggesting a possible role for M. paratuberculosis in developing Crohn's disease (7) . Unfortunately, the mechanisms of virulence that control M. paratuberculosis persistence during infection are poorly understood and the key steps for developing paratuberculosis remain elusive. For example, mechanisms responsible for invasion and persistence of M. paratuberculosis inside the intestine remain undefined at the molecular level (42) . Both live and dead bacilli are observed in subepithelial macrophages after uptake, most likely in M cells covering the ileum (24) . Once inside the macrophages, M. paratuberculosis survives and proliferates inside the phagosomes by using unknown mechanisms (41) . In one report examining intestinal invasion, it was suggested that the 35-kDa membrane protein antigen could play a possible role in bacillus invasion of the epithelial cells (2) . The main goal of our research is to identify virulence factors that contribute to the pathogenicity of M. paratuberculosis. This information could identify candidates for vaccine design or chemotherapies that can protect against Johne's and Crohn's diseases.
The complete genome sequence of M. paratuberculosis (21) is currently available and will help to rapidly screen M. paratuberculosis for novel vaccine and drug targets. The current challenge is to identify those targets that are essential for survival of the bacterium during infection. Recently, random transposon mutagenesis-based protocols have been employed successfully for functional analysis of a large number of genes in M. tuberculosis (23, 30, 32) as well as in M. paratuberculosis (5, 13) . Screening of the M. tuberculosis library identified novel genes involved in virulence, such as Rv1290c and pepD (23) . When M. paratuberculosis was used as a target for mutagenesis, the libraries were screened to identify auxotrophs or genes responsible for survival under in vitro conditions (5, 13) , which led to the identification of six auxotrophs and two genes responsible for cell wall biosynthesis. However, the libraries were not screened for virulence determinants. We devised a simple approach to screen a mutant library of the virulent strain of M. paratuberculosis by identifying the precise insertion sites in disrupted genes. Mutants were selected based on bioinformatic analysis for additional virulence studies in animals. The important advantage of this approach is its simplicity to directly identify disrupted genes and test their contributions to the bacterium survival inside the host. So far, we characterized 1,150 mutants by a junction site sequencing protocol and bioin-formatic analysis. Finally, we used the mouse model of paratuberculosis (38, 39) to examine the persistence of 11 mutants in BALB/c tissues compared to the persistence of the wild-type strain of M. paratuberculosis. The described approach identified seven putative virulence determinants that could play a role in the pathogenesis of M. paratuberculosis. The role of each identified gene in mycobacterial pathogenesis and its impact on a control strategy for Johne's disease are also discussed.
MATERIALS AND METHODS
Animals. BALB/c mice at 3 to 4 weeks of age were purchased from Harlan (Indianapolis, IN) and housed in a pathogen-free environment at the University of Wisconsin-Madison for at least 2 weeks before infection. Food and water were provided ad libitum, and all mice were cared for according to the guidelines of the Institutional Animal Care and Use Committee. Groups of BALB/c mice (n ϭ 20) were infected with M. paratuberculosis strains by intraperitoneal injection as outlined before (38, 39) . For animal infection, M. paratuberculosis strains were cultured to mid-log phase (optical density at 600 nm [OD 600 ] of 1.0) and centrifuged at 5,000 rpm for 10 min to harvest mycobacterial cells. Bacterial pellets were resuspended in equal volumes of phosphate-buffered saline buffer and used for animal inoculation with a dilution that allowed the delivery of 10 7 CFU/mouse. An aliquot of the inoculum was plated on Middlebrook 7H10 agar media for colony counting. Infected mice (n ϭ 6 to 8) were sacrificed at 3, 6, and 12 weeks postinfection, and their livers, spleens, and intestines were collected for both histological and bacteriological examinations (36) . Tissue sections collected for histopathology were preserved in 10% neutral buffered formalin before being embedded in paraffin, cut into 4-to 5-m sections, and stained with hematoxylin and eosin or the Ziehl-Neelsen method for acid-fast staining. Two independent pathologists examined tissue sections from infected animals at 3, 6, and 12 weeks postinfection. The severity of the inflammatory response was ranked using a score of 0 to 5 based on lesion size and number per field. Tissues with more than three fields containing multiple and large-sized lesions were given a score of 5.
Bacterial strains, cultures, and vectors. Mycobacterium avium subsp. paratuberculosis strain ATCC 19698 (M. paratuberculosis) was obtained from Mike Collins (University of Wisconsin-Madison) and used for constructing the mutant library. This strain was grown at 37°C in Middlebrook 7H9 broth enriched with 10% albumin dextrose complex, 0.5% glycerol, 0.05% Tween 80, and 2 g/ml of mycobactin J (Allied Monitor, IN). The temperature-sensitive, conditionally replicating phasmid (phAE94) used to deliver the transposon Tn5367 was obtained from the Bill Jacobs laboratory (Albert Einstein College of Medicine) and propagated in Mycobacterium smegmatis mc 2 155 at 30°C as described previously (3) . Tn5367 is an IS1096-derived insertion element containing a kanamycin resistance gene as a selectable marker. After phage transduction, mutants were selected on Middlebrook 7H10 medium plates supplemented with 30 g/ml of kanamycin. Escherichia coli DH5␣ cells used for cloning purposes were grown on Luria-Bertani (LB) agar or broth supplemented with 100 g/ml ampicillin. For some of the mutants, the plasmid vector pGEM-T Easy (Promega, Madison, WI) was used for TA cloning of the PCR products before sequencing.
Construction of a transposon mutant library. The phasmid phAE94 was used to deliver Tn5367 to mycobacterial cells by use of a protocol established earlier for M. tuberculosis (3) . For each transduction, 10 ml of M. paratuberculosis culture was grown to 2 ϫ 10 8 CFU/ml (OD 600 of 0.6 to 0.8), centrifuged, resuspended in 2.5 ml of MP buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 2 mM CaCl 2 ), and incubated with 10 10 PFU of phAE94 at the nonpermissive temperature (37°C) for 2 h in a shaking incubator to inhibit the possible lytic or lysogenic cycle of the phage (3). Adsorption stop buffer (20 mM sodium citrate and 0.2% Tween 80) was added to prevent further phage infections, and this mixture was immediately plated on 7H10 agar supplemented with 30 g/ml of kanamycin and incubated at 37°C for 6 weeks. Kanamycin-resistant colonies (n ϭ 5,060) were inoculated into 2 ml of 7H9 broth supplemented with kanamycin in 96-deep-well plates for additional analysis.
Southern blot analysis. To examine the characteristics of Tn5367 transposition in the M. paratuberculosis genome, 10 randomly selected mutants were analyzed by Southern blotting using a standard protocol (37) . Briefly, kanamycin-resistant M. paratuberculosis single colonies were grown separately in 10 ml of 7H9 broth for 10 days at 37°C before genomic DNA extraction and digestion (2 to 3 g) with BamHI restriction enzyme (Promega) (35) . Digested DNA fragments from both mutant and wild-type strains were electrophoresed on a 1% agarose gel and transferred to a nylon membrane (Perkin Elmer, CA), using an alkaline transfer protocol as recommended by the manufacturer. A 1.3-kb DNA fragment from the kanamycin resistance gene was radiolabeled with [␣- 32 P]dCTP by use of a random prime labeling kit (Promega) in accordance with the manufacturer's direction. The radiolabeled probe was hybridized to the nylon membrane at 65°C for 12 to 16 h in a shaking water bath before the membrane was washed and exposed to X-ray film (Kodak, Rochester, NY). The film was developed to visualize the hybridization signals (37) . Sequencing of the transposon insertion site. To determine the exact transposon insertion site within the M. paratuberculosis genome, a protocol for sequencing randomly primed PCR products was adopted from previous work on M. tuberculosis (23) , with slight modifications. For PCR amplification, the genomic DNA of each mutant was extracted from individual cultures by boiling the cultures for 10 min and centrifugation at 10,000 ϫ g for 1 min, and 10 l of the supernatant was used for a standard PCR. For the first round of PCR, a transposon-specific primer (AMT31) and a degenerate primer (AMT38) ( Table 1) were used to amplify the chromosomal sequence flanking the transposon insertion site (Fig. 1A) . PCR was carried out in a total volume of 25 l in 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.0 mM MgCl 2 , 0.01% (wt/vol) bovine serum albumin, 0.2 mM deoxynucleoside triphosphates, 0.1 M of primer AMT31, 1.0 M of primer AMT38, and 0.75 U of Taq polymerase (Promega). First-round amplification was performed with an initial denaturing step at 94°C for 5 min, followed by 40 cycles of denaturing at 94°C for 1 min, annealing at 50°C for 30 s, and extension at 72°C for 90 s, with a final extension step at 72°C for 7 min. Only 1 l of the first-round amplification was then used as the template for the second-round PCR (nested PCR), done using a nested primer (AMT32) derived from Tn5367 and the T7 primer (AMT39) present within the degenerative primer sequence (Table 1) . Reactions were carried out in a total volume of 50 l in 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates, 0.5 M primers, 5% (vol/vol) dimethyl sulfoxide, and 0.75 U of Taq polymerase (Promega). The amplification was performed with a denaturing step at 95°C for 5 min followed by 35 thermocycles (94°C for 30 s, 57°C for 30 s, and 72°C for 1 min), with a final extension step at 72°C for 10 min. For almost two-thirds of the sequenced mutants, the AMT152 primer present in Tn5367 was used to directly sequence gel-purified amplicons ( Table 1 ). The product of the second amplification was gel purified (Wizard SV gel extraction kit; Promega) and cloned into pGEM-T Easy vector for plasmid minipreparation followed by sequencing. Inserts in pGEM-T Easy vector were confirmed by EcoRI (Promega) restriction digestion, and the sequencing was carried out using the SP6 primer (Table 1) .
To identify the precise transposon insertion site in the M. paratuberculosis genome, the transposon sequence was trimmed from the cloning vector sequences and a BLASTN search was used against the M. paratuberculosis K-10 complete genome sequence (21) . Sequences with at least 100 bp of alignment to the M. paratuberculosis genome were further analyzed. Sequences without any transposon sequence were not analyzed to avoid using amplicons generated by nonspecific primer binding and amplification.
Statistical analysis. All bacterial counts from mouse organs were statistically analyzed using the Excel program (Microsoft, Seattle, WA). All counts were expressed as means Ϯ standard deviations. Differences in counts between groups were analyzed with a Student t test for paired samples. Differences were considered to be significant if a P value of Ͻ0.05 was obtained when the CFU counts of the mutant strains were compared to that of the wild-type strain. 
RESULTS

Generation of M. paratuberculosis mutant library.
A genome-wide random-insertion mutant library was generated for M. paratuberculosis ATCC 19698 by using the temperaturesensitive mycobacteriophage phAE94 (3). One transduction reaction of 10 9 mycobacterial cells with phAE94 yielded all of the kanamycin-resistant colonies used throughout this study. A total of 5,060 kanamycin resistance colonies were patched onto 96-well plates and stored at Ϫ80°C until further analysis was performed. Colonies with variant morphology were not easily noticeable compared to the variations usually seen with members of the M. avium complex (17) . Nonetheless, when some colonies were grown in 7H9 broth for further analysis, brownish to dark-brown colors were observed for cultures of two strains that were found to have disruptions in either the umaA1 or the trpE2 gene (see Fig. S1 in the supplemental material). The discoloration suggested the formation of incomplete secreted products or accumulation of bacterial by-products. The umaA1 gene encodes a mycolic acid synthase that has been characterized for M. tuberculosis (46) , and trpE2 encodes an isochorismate anthranilate synthase that could be involved in the synthesis of water-soluble siderophores (9, 31) or tryptophan biosynthesis (19) . Because M. paratuberculosis does not produce siderophores (9) , it is possible that the dark color of the ⌬trpE2 mutant is a product of accumulation of anthranilate precursors.
To examine the uniqueness of Tn5367 integrations throughout the M. paratuberculosis genome, we performed Southern blot analysis with genomic DNA extracted from 10 randomly chosen kanamycin-resistant colonies. Each of the 10 mutants tested by this method showed a single hybridization band, and these bands were of different sizes, demonstrating that a single transposon insertion occurred in different chromosomal locations. Three mutants analyzed by Southern blotting showed similar fragment sizes (data not shown), indicating possible clone redundancy. However, sequence analysis of these mutants identified three different insertion sites in MAP3752, MAP4327c, and MAP3733c genes. Based on the Southern analysis of the mutants, we concluded that Tn5367 integrated only once into the genome of M. paratuberculosis. More information about the randomness of Tn5367 can be gleaned from the sequence analysis described below.
Identification of the transposition sites in M. paratuberculosis mutants. Among the library of 5,060 mutants, the first 1,150 were analyzed using a high-throughput sequencing protocol employing a randomly primed PCR protocol that was successful in characterizing a library of M. tuberculosis mutants (23) . The generated sequences were used to search the M. paratuberculosis K-10 complete genome with a BLASTN algorithm to identify the insertion site in each mutant. Unique insertion sites (n ϭ 970) were identified, and almost two-thirds of the insertions occurred in predicted open reading frames (ORFs), while the rest of the insertions occurred in the intergenic re- Table 2 ). Among the 970 unique insertions within ORFs, only 288 of the predicted mycobacterial ORFs were disrupted at least once by the transposition of Tn5367, indicating that more than one insertion occurred at different locations within the same gene. In fact, 10.4% of the disrupted ORFs showed more than one insertion per ORF, indicating the presence of "hot spots" for the transposition of Tn5367.
Compared to the insertions in ORFs, a high rate of multiple insertions (24.3%) was observed when the intergenic regions were examined. Generally, the overall characteristics of the M. paratuberculosis library of mutants were similar to those of the M. tuberculosis library (23) .
More scrutiny of the DNA sequences in both coding and intergenic regions revealed that the regions most susceptible to transposon insertions are those with GϩC contents ranging from 50.5 to 60.5%, which are considerably lower than the average GϩC content of the whole M. paratuberculosis genome (69.3%) (see Table S1 in the supplemental material). Analysis of the flanking regions of the Tn5367 site of insertion in genes with a high frequency of transposition (n Ն 4) identified areas of AT or TA repeats [e.g., TTT(T/A), AA(A/T), or TAA] as the most predominant sequences. Additionally, several mutants showed insertions into ORFs that have multiple copies in the genome (e.g., gene families or paralogous genes). A total of 22 mutants were present in this group and were excluded from further analysis until more experiments can be performed to identify the exact disrupted gene copy. An additional 17 mutants were excluded from further analysis because of the lack of a transposon-specific region in the obtained sequence, implying possible nonspecific amplifications from the M. paratuberculosis genome. To illustrate the randomness of the Tn5367 transposition in the M. paratuberculosis genome, the gene positions of all sequenced mutants were mapped to the genome sequence of M. paratuberculosis K-10 (21). As shown in Fig.  1B , the transposon insertions were evenly distributed throughout the genome. Overall, 1,128 mutants underwent the second level of bioinformatic analysis.
Bioinformatic analysis of disrupted genes. A total of 288 genes represented by 970 mutants were identified as disrupted from the initial screening of the transposon mutant library constructed in M. paratuberculosis. Examining the potential functional contribution of each disrupted gene will better characterize their roles in infection. With the help of the Clusters of Orthologous Groups website (http://www.ncbi.nlm.nih.gov /COG/) (40), disrupted genes were placed into functional categories (Table 3) . Six genes did not have a match in the COG functional category of M. paratuberculosis and were consequently analyzed using the M. tuberculosis functional category (http://genolist.pasteur.fr/TubercuList/). The predictive functions of these genes include different cellular processes such as lipid metabolism (desA1), cell wall biosynthesis (mmpS4), and several possible lipoproteins (lppP, lpqJ, and lpqN), including a member of the proline-rich proteins (PE) family (PE6). Interestingly, two gene groups (bacterial defense mechanisms and cell cycling) were overrepresented in the mutant library (10.9 and 8.8%, respectively) compared to their percentages in the genome. The preference of integrations into these two groups could be attributed to the lower GϩC percentage and the tendency of Tn5367 to integrate into low-GϩC regions. As expected, for most functional groups, the percentages of disrupted genes ranged between 2.5 and 10%, in agreement with their percentages within the genome of M. paratuberculosis.
To further analyze the expected phenotypes of the disrupted genes, we examined the flanking sequences to examine any possible polar effect on gene expression due to operon structure. By use of the operon prediction algorithm (OPERON) (11) , approximately 124 (43.0%) of the disrupted ORFs were identified as members of 113 putative operons (see Table S2 in the supplemental material), indicating that possible phenotypes may be related to the disruption of functions performed by the whole operons and not just the disrupted genes. A total of 52 (41.9%) disrupted genes were within the last gene of an operon and therefore were unlikely to affect expression of other genes of the operon. On the other hand, 40 and 32 disrupted genes, respectively, were within the first or middle genes of an operon (32.3 and 25.8%, respectively). Accordingly, it is expected that in almost half of the mutants the observed phenotype could be attributed to the disruption of an entire operon rather than a single gene. Interestingly, a total of 23 Tn5367 insertions were present in several genes of the same 12 operons, suggesting the preference of transpositions throughout these sequences. For example, in the kdp operon (encoding putative potassium translocating proteins), four genes out of the five genes constituting this operon were disrupted. Organ colonization of M. paratuberculosis mutants. To identify novel genes involved in M. paratuberculosis invasion, colonization, and persistence, we employed the mouse model of paratuberculosis to characterize a selected list of transposon mutants gleaned from the bioinformatic analysis. Target genes were selected if their functional information in mycobacterial growth was known, especially genes involved in cellular processes important for mycobacterial survival during infection or homologues to other known virulence factors ( Table 4 ). The list was also designed to encompass mutations over a broad range of metabolic pathways to determine whether any particular pathway could play an essential role for M. paratuberculosis persistence. Among the 11 mutant genes tested in mice, four genes (gcpE, kdpC, umaA1, and impA) were predicted to be members of operons. Only umaA1 is the last gene of its operon and may not disrupt the expression of other genes in that operon (see the supplemental material). Alternatively, the gcpE, impA, and kdpC genes were shown to be in the middle of their respective operons and could have a polar effect on the expression of downstream genes.
Before animal infection, the growth curves of all mutants grown in Middlebrook 7H9 broth supplemented with kanamycin were shown to be similar to that of the parent strain (data not shown). However, most mutants reached an OD 600 of 1.0 at 35 days, compared to 25 days for ATCC 19698 (parent strain). For mouse infection, it is noteworthy to mention here that colonization levels of the spleen did not show a significant change between mutants and the wild type (data not shown), while those of the liver and intestine were variable. In the parental infection model of M. paratuberculosis employed here, it is possible that bacterial colonization of the liver affected further colonization of the spleen. Therefore, liver and intestine were the most informative organs. For samples collected at 3 weeks postinfection, only the strains with a disruption in the gcpE or kdpC gene displayed colonization levels significantly (P Ͻ 0.05) lower than that of the parent strain (Fig. 2) . The decline in CFU counts was maintained to the end of the experiments, especially in the intestine, the primary target of M. paratuberculosis. At 6 weeks postinfection, additional mutants (e.g., the ⌬papA2 and ⌬pstA mutants) showed significant reduction in the intestinal colonization levels. At 12 weeks postinfection, the ⌬umaAl, ⌬fabG2_2, and ⌬impA mutants displayed significant (P Ͻ 0.05) decline in intestinal colonization (Fig. 2) . Finally, the ⌬mmpL10, ⌬fprA, ⌬papA3_1, and ⌬trpE2 mutants showed a 10-fold reduction in mycobacterial levels at least in one examined organ by 12 weeks postinfection; however, this reduction was not statistically significant (P Ͼ 0.05). The colonization trend of these mutants may indicate involvement in later stages of paratuberculosis that were not examined in this study. Histopathology of mice infected with transposon mutants. All animal groups infected with mutants or with the parent strain displayed a granulomatous inflammatory reaction consistent with infection with M. paratuberculosis by use of the mouse model of paratuberculosis (25, 39) . Liver sections were most reflective for paratuberculosis, where a typical granulomatous response, consisting of aggregation of macrophages with admixed lymphocytes occasionally surrounded by a thin layer of fibrous connective tissues, was found. Animals infected with strain ATCC 19698 and some mutants, such as the ⌬mmpL10 mutant, showed apparent granuloma formation in liver sections (Fig. 3) . Both the size and number of granulomatous inflammatory foci or granulomas increased over time, indicating the progression of the disease (see Fig. S2 in the supplemental material). It is noteworthy to mention here that during the early time of infection (3-and 6-week samples) most mutants displayed only lymphocytic inflammatory responses, while the granulomatous inflammation and formation of granulomas were observed only at the late time point (12-week samples). Additionally, the severity of inflammation reached level 3 (out of 5) at 12 weeks postinfection for mice infected with ATCC 19869, while in the group infected with mutants such as the ⌬gcpE and ⌬kdpC mutants, the granulomatous responses ranged between levels 1 and 2. Interestingly, the granulomatous response in mice infected with ⌬mmpL10 was more extensive (larger in size and surrounded by fibrous tissues) than the response formed in mice infected with ATCC 19698 (Fig. 3) . On the other hand, infection with some mutants (e.g., the ⌬gcpE and ⌬impA mutants) induced relatively minor lesions at 3 weeks postinfection and remained at this level as time progressed, while infection with others (the ⌬pap3_1 and ⌬fabG2_2 mutants) began with mild lesions and progressively increased in severity over time. Finally, infection with another group of mutants (the ⌬fprA and ⌬kdpC mutants) began with a level of response similar to that of the parent strain and continued to display the same type of lesions until the end of the sampling time. The overall inflammatory response in livers of infected mice is summarized in Fig. S2 in the supplemental material. Generally, by combining the histopathology and colonization data, we were able to assess the overall virulence of the examined mutants and classify the disrupted genes into two major classes. In class I (colonization mutants), the disrupted gcpE, pstA, kdpC, papA2, and umaA1 genes generated mutants that were unable to efficiently colonize the mouse organs (particularly intestine and liver); therefore, a modest level of lesions was generated and colonization levels were significantly lower than that of the wild type. For one mutant of class I (the ⌬papA2 mutant), the levels of bacterial colonization were not reduced in livers up to 6 weeks postinfection. No characteristic pathology of this subgroup could be delineated from that of other groups, since only liver sections were reflective of the paratuberculosis by use of the mouse model employed in this study. With class II mutants (persistence mutants), levels of colonization were slightly reduced in the first 6 weeks and then reduced significantly at a later time (e.g., the fabG2_2 and impA mutants). The lesions formed in animals infected with class II mutants showed a pattern of progression similar to that of lesions formed in animals infected with the parent strain. Overall, with most attenuated mutants, there was an inverse relationship between inflammatory scores and mycobacterial colonization levels of mutants for samples collected at 12 weeks postinfection. It is possible that the decline of M. paratuberculosis levels at 12 weeks postinfection could be attributed to the initiation of a strong immune response, represented by an increase in granuloma formation. Alternatively, the inability of mutants to survive peritoneal macrophages following mouse inoculation could be the reason for the inability of the identified attenuation mutants to colonize mouse organs.
DISCUSSION
A better understanding of the virulence mechanisms and pathogenesis of M. paratuberculosis is required to develop more-effective vaccines and chemotherapies directed against animal and human infections with M. paratuberculosis. In this report, we employed the transposable element Tn5367 to generate a mutant library of M. paratuberculosis that was used to identify novel virulence factors. We began our efforts to characterize the generated library by sequence and bioinformatic analyses of 20% of the mutants. More insertions were found in AT-rich sites, which is consistent with previous reports identifying favorable target sites for Tn5367 (13, 23) . Although the transposition of Tn5367 was not completely random, we were able to construct a library where unique insertions were obtained in 84.3% of the 1,150 mutants examined so far. Previously, two M. paratuberculosis transposon libraries were generated and screened for mutants unable to grow in defined broth media (5, 13). Our approach is based on the large-scale identification of disrupted genes and the use of bioinformatics to select mutants that could be characterized in animals. Employing such an approach, we were able to identify seven novel virulence determinants out of 11 mutants investigated in a mouse model of paratuberculosis. Compared to similar protocols established for identifying virulence genes, such as signature-tagged mutagenesis (15) , the approach employed here is simple and uses a small number of animals. For the attenuated mutants identified by animal screening, in-frame deletions and complementation studies are needed to confirm that their phenotype is due to the gene disruption and not caused by the polar effects on downstream genes.
Both the bacteriological and histological analyses employed in this study were able to classify attenuated mutants into two classes. Class I mutants, including the ⌬gcpE, ⌬pstA, ⌬umaA1, ⌬papA2, and ⌬kdpC mutants, had impaired organ colonization with low inflammatory scores (colonization mutants). The gcpE gene encodes a product that controls a terminal step of isoprenoid biosynthesis via the mevalonate-independent 2-Cmethyl-D-erythritol-4-phosphate (MEP) pathway (14) . The gcpE gene is considered an essential gene in E. coli (1) , and its role in M. paratuberculosis survival during infection needs to be further investigated. Because of its conserved nature and divergence from a mammalian counterpart, gcpE is considered a suitable target for drug development (18) ; hence, understanding its role in M. paratuberculosis pathogenesis is worthy of further investigation. Another mutant in this class, the ⌬pstA mutant, encodes a nonribosomal peptide synthetase in M. tuberculosis with a role in glycopeptidolipid synthesis. The glycopeptidolipids are a class of species-specific mycobacterial lipids and major constituents of the cell envelopes of many nontuberculous mycobacteria, such as M. smegmatis (4), as well. The ⌬pstA mutant in M. smegmatis showed an altered surface property and also was internalized by macrophages more rapidly than the parent strain. Consequently, the reduc- tion in colonization level of the ⌬pstA mutant could result from the inability of the mutant to survive in the macrophage environment once it crosses the intestinal barrier. On the other hand, the kdpC gene encodes an inducible high-affinity potassium uptake system (12) . Recently, two groups reported that the genes involved in potassium uptake highly increased in expression during M. tuberculosis infection of human macrophage (10) and that potassium concentration also increased in the microenvironment of the macrophage (44). Accordingly, it is possible that a defect in the potassium shuttling mechanism due to the disruption of kdpC resulted in this attenuation phenotype.
Other mutants belonging to class I include those with disruptions in the umaA1 or papA2 gene (the ⌬umaA1 and ⌬papA2 mutants). Interestingly, the umaA1 gene encodes a mycolic acid methyltransferase involved in cell wall biosynthesis that, when it was disrupted in M. tuberculosis, showed a hypervirulence phenotype in mice (23) . However, in our hands, disruption of umaA1 resulted in lower colonization levels in all organs examined at 6 weeks postinfection and beyond. It is possible that umaA1 plays a different role in M. paratuberculosis than in M. tuberculosis. The last member of this class is the ⌬papA2 mutant. papA2 is a member of the polyketide synthase-associated protein (Pap) family of highly conserved genes. Members of the Pap family encode virulence-enhancing lipids (28) . We demonstrated here that a disruption in a member of this family could contribute to mycobacterial attenuation. Another mutant (the ⌬papA3_1 mutant) of the Pap family was also investigated with mice; however, it showed a CFU count significantly higher than that of the ⌬papA2 mutant, reflecting the different roles played by genes belonging to the same family.
As for class II mutants, both the ⌬impA and ⌬fabG2_2 mutants had lower colonization levels in mouse tissues beyond 6 weeks postinfection than did the wild-type strain, implying a role in mycobacterial entry to the persistent stage of paratuberculosis (persistence mutants). The impA gene encodes an inositol monophosphatase protein with an activity which has been shown to contribute to cell wall permeability in M. smegmatis (27) and to play a role in the synthesis of phosphatidylinositol dimannoside (29) . On the other hand, the fabG2_2 gene (disrupted in the ⌬fabG2_2 mutant) encodes a putative oxidoreductase activity (21) . It is possible that functions encoded by the two genes could play a role in bacterial defense during entry to the persistence stage of paratuberculosis. Clearly, more analysis of the roles of impA and fabG2_2 is needed to uncover the nature of host-pathogen interactions at persistence stages of infection. Also, it will be interesting to profile the immunological responses following immunization with any of the colonization mutants in a ruminant model for Johne's disease. Such analysis could identify novel vaccine candidates suitable to combat Johne's disease.
An earlier report using comparative genomic hybridization to analyze the content of the M. paratuberculosis genome identified large regions that could explain its differential virulence compared to that of the closely related M. avium subsp. avium (45) . In this report, large-scale sequencing of a mutant library allowed us to rapidly identify a list of potential virulence factors specific for M. paratuberculosis. Because this study served as a screening tool for a large number of mutants, the amenable mouse model (26, 39, 43) was successfully used. Nonetheless, further testing of the attenuated mutants in the calf or goat model of Johne's disease (20, 34) is warranted. It is also possible that using an oral route of mouse infection or examining tissues at times later than 12 weeks postinfection could reveal different aspects of virulence that were not elucidated in this study. These variations on the animal model used to screen mutants could be employed to further dissect the roles of identified genes in M. paratuberculosis virulence. Further analysis of the roles of the identified list of potential virulence factors in M. paratuberculosis survival during infection will improve our understanding of the molecular pathogenesis of Johne's disease and will help us to design a better strategy for controlling the infection. Such an approach of direct identification of disrupted genes followed by bioinformatic analysis to select mutants for animal testing was successfully applied to M. paratuberculosis and can be adapted to other bacterial systems.
